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1. BACKGROUND

1.1 INTRODUCTION

This report provides an analysis of lane change crashes to guide the development of
Intelligent Vehicle Highway System (IVHS) crash avoidance systems. It introduces the
problem of lane change crashes. Two crash subtypes are identified and causal factors that
contribute to lane change crashes are assessed clinically from a sample of lane change crash
cases.From these data, functional goals for IVHS lane change crash avoidance systems are
described.A simple kinematic model of crash avoidance requirements introduces key pre-
crash variables and outlines the space of time and distance available for crash avoidance from
a kinematic perspective. The report concludes with a discussion of key research needed  to
extend the analysis presented here. Included with the report is a diskette of the kinematic
models developed for this crash type and files for data tables used in generating data plots
contained in the report. The file README.TXT  is an ASCII file that describes the program
and data files on this diskette. The file is also transcribed in Appendix C.

1.2 DEFINITION  OF LANE CHANGE MANEUVERS  AND CRASHES

In this report, “lane change” refers to a family of maneuvers that includes simple lane
change, merge, exit, pass, and weave maneuvers. For purposes of this study, lane changes
are defined as a deliberate and substantial shift in lateral position of a vehicle. A “lane
change crash” occurs when a driver attempts to change lanes and strikes or is struck by a
vehicle in the adjacent lane. Variations in lane change maneuvers are described below.

Figure l-l shows a simple model of ideal lane change behavior, based in part on the
work of McKnight and Adams (1970). Once the driver wishes to change lanes, the driver
first checks traffic control devices (signs, signals, pavement markings) to see if a lane change
is legal. Driver error might arise here if such signs are unnoticed or unheeded.

If the lane change is legal, the driver engages in information gathering and decision
making about driving conditions and determines if conditions are favorable for a lane change.
The driver checks mirrors for vehicles passing in the destination lane, following vehicles
closing fast in the destination lane, and following vehicles beginning to enter the destination
lane. The driver checks the blind spot, perhaps by varying speed to bring into view any
vehicles traveling at the same speed in the blind spot. The driver scans ahead for any lead
vehicles in the destination lane and assesses the driving situation for rear-end crash potential.
On a multilane highway, the driver looks to the far-adjacent lane for any vehicles moving
into the destination lane. The driver also assesses the roadway for any limitations to lane
changing, e.g., curves, intersections, narrow bridges, and so forth. Information-gathering
errors might result because the driver fails to collect critical information (e.g., fails to
sample mirrors, check the blind spot). The driver might sample but, because of faulty
sampling strategies, fail to perceive or misperceive critical information.
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Decision-making errors might include problems in assessing the information gathered,
deciding to halt information gathering prematurely, or ascribing a higher likelihood of
successful lane change than is warranted.

If the driver decides the lane change can be successfully completed, the ideal driver
signals the intent to change lanes with turn signals. A driver might err by failing to provide
such signals to other vehicles in the surrounding roadway, thereby depriving the other drivers
of an opportunity to take corrective action if required.

The driver then executes the lane change maneuver. Wierwille (1984) described the
execution of the lane change maneuver as follows. The driver applies a steering input,
which introduces a heading deviation that results in a buildup of lateral deviation. As the
vehicle approaches the correct lateral position in the adjacent or destination lane, the driver
removes the heading deviation by apply a steering correction in the direction opposite that of
the initial steering input. The vehicle may be traveling at constant longitudinal velocity or
may be accelerating longitudinally. Once in the correct lateral position, the driver turns off
the turn signal and resumes lanekeeping behavior.

The merge and exit maneuvers are kinematically similar to a lane change. However,
the merge often involves subject vehicle (SV) entry into a faster-moving traffic stream. This
implies that the SV is probably accelerating longitudinally. An exit may involve transition to
a slower-moving traffic stream, which implies the SV is probably decelerating longitudinally.

As Wierwille (1984) explains, passing involves two successive lane changes, once to
the adjacent lane to overtake and then once to return to the original lane. Passing is made up
of four maneuver segments: heading deviation in the direction of the adjacent lane, removal
of the heading deviation in that direction, heading deviation introduced back in the direction
of the original lane, and removal of that heading deviation. The subject vehicle may be
accelerating longitudinally or may be traveling at constant longitudinal velocity.

The Transportation Research Board (1985) defined  weaving as the crossing of two or
more traffic streams traveling in the same general direction without the aid of traffic control
devices. Yoo (1987) indicates that weaving occurs when a merge area is closely followed by
a diverge area or when an on-ramp and an off-ramp are closely spaced and joined by an
auxiliary lane. Weaving requires intense lane changing since many vehicles may be changing
lanes at once.

Lane change maneuvers can be further classified by their direction (to the left, to the
right) and by whether the maneuver is essential (because of a lane-drop, lane-closure, or to
maintain a route) or nonessential (e.g., to avoid a slow-moving lead vehicle).

The next section describes the crash problem size with respect to a number of factors.
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1991 GES crash statistics indicate that passenger cars are about equally likely
to be involved in left-to-right and right-to-left lane change/merge maneuver
crashes.

This report does not specifically address or model combination-unit truck (tractor
trailer) lane change/merge crashes, although two differences between their crashes and those
of passenger vehicles are notable. First, more than two-thirds of combination-unit truck lane
change/merge crashes occur on 55 mph or 65 mph roadways. Secondly, among
combination-unit trucks, left-to-right lane change/merge crashes appear to be about three
times more frequent than right-to-left crashes.

2.2 DISCUSSION

The lane change/merge crash problem is a relatively small percentage of the crash
population and the associated proportion of fatal crashes is quite small. On the other hand, a
quarter of a million crashes in one year is significant, as is the fact that this one crash type
accounts for almost 10 percent of all crash-caused delay, with the attendant economic
consequences. Furthermore, available technologies might soon provide affordable lane
change/merge crash avoidance countermeasures, with the potential to add incrementally to
highway safety, and provide technology transfer to other crash types.

From a crash modeling standpoint, the GE-S data reported by Wang and Knipling
(1993) provide the following guidance. Lighting should not be a serious consideration
because most crashes occur in the daylight hours or in the dark on lighted roads. More than
two-thirds of such crashes do not occur at junctions and so simple lane change/merge models
should be a first priority. Speed variation, when modeled, should span a wide range of
speeds, ranging from arterial roadway to highway speeds. The high incidence of dry
pavement accidents suggests that braking or steering maneuvers should be modeled assuming
good traction. Finally, the age distribution of subject vehicle drivers suggests that the
majority are younger (i.e., less than 45 years old), so concerns about the performance
capabilities of the older driver warrant less emphasis in modeling.

Given these factors, the lane change/merge crash problem warrants further
investigation, The next section discusses the circumstances surrounding lane change crashes.
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3. ANALYSIS  OF LANE CHANGE CRASH  CIRCUMSTANCES

3.1 INTRODUCTION

This section describes the major lane change crash subtypes (as distinct from
maneuver subtypes described in Section 1.2) and identifies causal factors that contribute to
the lane change crash problem.

3.2 CLINICAL DATA SETS AND ANALYSIS METHOD

The data sets that were selected from the Crashworthiness Data System (CDS) and
from the GES within the National Accident Sampling System (NASS) were subjected to a
clinical analysis. The 1992 CDS data set consisted of 33 hard copy reports that represented
all crashes coded as lane change crashes by the Primary Sampling Unit (PSU) teams
reporting to Calspan  (NASS Zone Center #l). The GES data set consisted of 161 hard copy
PARs selected from the 1991 data file. The GES data set was a subsample of lane
change/merge crashes selected to ensure representativeness of regional variations including
time of day and time of year when crashes occurred. The GES data set was examined and
tabulated at the NASS storage facility in Washington, DC, by NHTSA Office of Crash
Avoidance personnel under the direction of the contractor team analyst.

The unsanitized NASS CDS cases provide a rich body of data from which to do
analysis of causal factors, including:

l PARS

. Driver statements

l Witness statements

l Scaled schematic diagrams depicting crash events and physical evidence
generated during the crash sequence

l Case slides documenting vehicles, damage sustained, and other physical
evidence

Once sanitized, CDS cases are stripped of driver and witness statements, PARs are
censored, case identifiers are removed, etc. This often renders the case file difficult, if not
impossible, to use for clinical analysis. Crash reconstruction from the CDS files is not
perfect because the files are intended to support crashworthiness research and, therefore, may
be missing information needed for a causal factor assessment or pre-crash event
reconstruction. The number of CDS files is limited, and, by design, the data set oversamples
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more severe crashes. Thus, GES data are used for weighting by severity and characterizing
the problem statistically (see Appendix A for a discussion of the weighting scheme).

GES PAR crash descriptions, while useful for national accident profiles, typically are
highly coded and may lack information, such as driver statements, that would describe pre-
crash behaviors and crash events. Therefore, both data sets were used to describe crash
subtypes.

The clinical analysis approach implies subjective assessment by an expert analyst. It
involves content analysis of narrative statements (keywords, phrases) along with kinematic
assessment to cross-check narratives. The analyst develops an impression of the crash
subtypes and/or causal factors from this review. Error sources in the clinical analysis
process could include limited sample size, incompleteness in the case files, and analyst
decision processes that are subject to a number of cognitive heuristics and biases in
judgement (Wickens, 1992). For example, confirmation bias leads an individual to seek
information that confirms an initial hypothesis and to avoid or discount information that
could disconfirm it. The procedures used to select and analyze cases in this study have been
designed to minimize or eliminate those error sources. Despite these potential error sources,
clinical analysis of detailed case files represents an invaluable aid to understanding the nature
of crashes and cannot be readily automated. It also opens up data sources - i.e. additional
uncoded information on the PARs - that are otherwise unavailable.

As defined earlier, lane change crashes involve two vehicles. Thus, single vehicle
crashes that were coded as lane change maneuvers were dropped from further analysis. Such
cases might involve a lane change maneuver that went awry and resulted in a road departure.
This reduced the CDS data set from 33 cases to 16 cases and the GES data set from 161
cases to 144 cases.

Lane change maneuvers involve deliberate and controlled maneuvers initiated by the
subject vehicle driver, so the remaining cases were analyzed in terms of the categories:
controlled, out-of-control, and other (see Figure 3-l). The proportion of controlled
maneuvers ranged from approximately 85 percent of the GES sample to nearly 94 percent of
the CDS sample. The drift classification signified very gradual encroachment and was
considered indicative of driver inattention. While this inattention contradicts the definition of
a lane change crash, kinematically the drift cases resemble lane change crashes in general.
The out-of-control classification signified that the subject vehicle was in a nontracking
attitude (typically skidding) as it approached the point of impact. Such cases might involve a
lane change on a slick roadway, Of the 11 (2 CDS cases, 9 GES cases) cases in this
category, 6 involved loss of control as a result of an evasive maneuver (typically to avoid a
noncontact vehicle), 4 involved a loss of control as a result of vehicle speed and ambient
surface conditions (wet), and 1 case involved a loss of control as a result of a vehicle
component failure (tire blowout).
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6.20% Out-of-control Drift
4.19% 3.59%

CDS Data Set

Out-of-control Drift
4.12% 1.96%

GES Data Set

Controlled Maneuver

Figure 3-1. Distribution  of Maneuver  Types in a Clinical Data Set2

2 These are weighted percentages. See Appendix A for an explanation.
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Proximity subtype lane change crashes may involve a POV location to the rear, middle, or
front lateral area beside the SV.

In the fast approach case, there is a longitudinal gap between the SV and POV prior
to the start of the lane change maneuver, and this gap is being closed at a substantial velocity
differential between the two vehicles. If the POV is fast approaching as the SV changes
lanes, it will strike the SV on the SV rear or side. Similarly, if the SV is fast approaching
as the POV changes lanes, it will strike the rear or side of the POV. The distribution of the
two crash subtypes and variations is presented in Figure 3-3.

3.4 CLINICAL  ANALYSIS  RESULTS: CAUSAL  FACTOR OVERVIEW

A complete causal analysis could not be conducted on the available clinical sample.
The CDS sample was small and driver statements were generally vague (e.g., “did not see
other vehicle”). The GES sample was limited by the nature of PARS; the police assessments
tended to lack precision with regard to defining causal factors (e.g., “improper lane change,”
“improper lookout”). However, despite these limitations, a general picture of causal factors
emerged.

The CDS data set included an indication of whether or not (if known) the SV or POV
(or both) attempted an avoidance maneuver (see Table 3-l). Of those cases where this
information is available, five of eight SV drivers and eight of thirteen POV drivers did not
attempt an avoidance maneuver. This finding suggests that the drivers often did not see or
were unaware of the presence of the other vehicle. Obviously, the small sample size merits
caution in extrapolating such results to the crash population at large.

Table 3-l
NASS CDS Pre-crash Vehicle  Maneuver  Cluster  Variables

Pre-crash  Avoidance Maneuvers

Avoidance Maneuver Classification Subject Vehicle W e i g h t e d %  POV Weighted %

No Avoidance Maneuver 5 31.5 8 58.2

Avoidance Maneuver 3 6.1 5 37.3

Unknown if Initiated 8 56.4 3 4.4

Totals: 16 100.0 16 99.9

The CDS cases and GES reports were reviewed to determine the point at which the
driver of the subject vehicle saw or became aware of the POV; unfortunately, this could be
ascertained for only 31 of the GES reports. Figure 3-4 shows that, of these data sets, the
driver of the SV never saw the POV prior to impact in approximately 94 percent of the CDS

13



CDS Data Set

Rearward Overlap
2.6% Forward

GES Data Set

Rearward Overlap
35.0%

Forward
4.6%

Side-by-side
26.0%

2.7%

Figure 3-3. Distribution  of Lane Change  Crash Subtypes and Variations

sample and 64 percent of the GES sample. In those cases where the driver saw the POV
prior to starting the lane change maneuver, there was usually an intervening circumstance
that the driver did not anticipate. For example, in one case the subject driver was
approaching a toll plaza and was attempting to merge into an adjacent lane. The POV in the
adjacent lane stopped behind the SV and the SV driver interpreted this action as an indication





3.5 DISCUSSION

The lane change crash subtypes provide useful guidance for IVHS crash avoidance
system functional concepts. The proximity subtype was by far the most frequently occurring
lane change crash subtype in the clinical analysis. The results underscore the need to detect
presence or distance of other vehicles proximal to the SV. The various pre-crash location
zones found also indicate that this detection capability must provide coverage over the full
length of the SV. Many proximity crashes involve vehicles outside the SV blind zone.
Furthermore, 1991 GES crash statistics indicate that passenger cars are about equally likely
to be involved in left-to-right and right-to-left lane change maneuver crashes (Wang and
Knipling, 1993). Taken together, these data suggest that crash avoidance concepts focused
only on blind spot monitoring will not be adequate. Detection coverage over the full length
of the SV, on both sides, is needed.

The fast approach lane change crash subtype emphasizes longitudinal detection of
vehicles in adjacent lanes. The fast approaching vehicle should be able to detect other
vehicles in front and in both adjacent lanes. Detection capability might also extend behind
the vehicle being approached, both to the left and right adjacent lanes. Longitudinal gap
distance, SV and POV velocities, and closing velocity are all important to IVHS crash
avoidance in this subtype, in addition to lateral gap.

Evidence on causal factors is tentative, but suggests that most lane change crashes
involve SV driver unawareness of another vehicle in the adjacent or destination lane. The
reasons for this unawareness cannot be determined from the data sets reported here. Driver
unawareness suggests that potentially useful IVHS crash avoidance system concepts will
detect what the unaware driver does not. They should provide this information so that driver
or automatic vehicle crash avoidance maneuvers may take place.

Lane change crash cases designated as not applicable involve numerous causal factors
such as vehicle failure (e.g., tire blowout), control loss due to poor traction, and evasive
maneuvers to avoid a noncontact vehicle. These causal factors are general in nature and
probably contribute to multiple crash types. Solutions to these are not likely to be specific to
the lane change crash problem and so do not depend on lane change crash etiology. For this
reason they will not be included in further discussion of lane change crash avoidance.
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4.1 PRESENCE  INDICATION  AND DRIVER  SITUATION  DISPLAY

Moving from left to right on the time-intensity graph, it is clear that the best way to
avoid crashes is to prevent the start of the hazardous maneuver. One simple means to do this
for lane change crashes is the use of a presence indicator. For proximity crash avoidance,
this indicator would inform the driver of the presence of vehicles in adjacent lanes. Such a
system might continuously sense other vehicles and provide an information display (visual,
auditory, other) when a vehicle is present in an adjacent lane. Such information might aid
the driver’s decision about whether or when to change lanes. An effective presence indicator
presents design challenges; it must inform the driver of critical information at critical times,
yet avoid being a nuisance or an in-vehicle distraction.

A variant on the presence indicator is a turn-signal-activated system. The notion is
that the driver would signal an intent to change lanes (see Figure l-l) sometime before
beginning the maneuver. Activation of the turn signals causes the IVHS system to sense for
other vehicles in adjacent lanes. This scheme could reduce the risk of nuisance alarms by
sensing only when a lane change is imminent. If the driver uses the turn signal (or if other
means for assessing driver intent can be developed), and if the signal of intent occurs well
before the lane change has begun, it is possible that a hazardous condition can be stopped
before it develops. If so, kinematic modeling of such a system to estimate crash avoidance is
not necessary. One problem with this concept is that drivers do not always use turn signals.
It is possible that the availability of such an IVHS technology would promote greater turn
signal use. Since turn signal use conveys SV driver intent to other drivers, an increase in
turn signal use would likely produce crash avoidance benefits in itself - independently of the
effects of the sensor/warning/control system.

A more sophisticated presence indicator display concept is the driver situation display.
A situation display would render the driver’s own vehicle as well as surrounding vehicles
with3 a range. This display, if ergonomically designed, would offer the SV driver
information on whether or not it is safe to make a lane change and where to watch out for
trouble. Judgement on safety of a maneuver would be left to the driver. The display would
be supported by a system that detects vehicle locations, vehicle velocities, velocity
differences, and perhaps accelerations. The design challenge is to present synthesized or
filtered information on a display that can be readily attended by the driver. The driver
would use the displayed information to decide when to make the lane change (proximity
case), pass (fast approach case), and so on. This situation display would, in principle,
provide drivers with situation awareness information to guide judgements about when to and
how to engage in lane change maneuvers.

The situation display, as described so far, is a passive information display that assists
in the normal driving portion of the time-intensity curve. It might be a visual display, an
auditory display, a tactile display, or some hybrid. There are significant human factors
issues associated with the design of such a system. These range from collecting and
packaging key vehicle information to presenting it in a readily assimilated way. The
situation display must not impose undue workload on the driver, else driver inattention to
other crash hazards may result. The situation display must be such that it is readily available
to the driver and is easily checked prior to initiating the lane change.
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The situation display, if effective, will help keep a driver from entering into a pre-
crash hazardous condition. The appropriate modeling scheme for crash avoidance
effectiveness would involve reliability models. For example, the situation display’s
effectiveness might be modeled as a series system where the probability of crash avoidance is
the product of the probability that the system works properly, the probability that the driver
detects the warning, the probability that the driver recognizes the hazard, and the probability
that the driver obeys the warning. That is,

Pcrash avoidance = P I V H S  s y s t e m  w o r k s  
P

D r i v e r  D e t e c t s  
P

Driver Recognizes 
P
Driver Obeys

(1)

As an illustration, assume that the IVHS system works 99 percent of the time, the driver
detects all of the signals from it, recognizes the hazard 75 percent of the time, but only
obeys the warning half of the time. The probability for crash avoidance will nominally be

Pcrash avoidance = .99 x 1.00 x .75 x .50 = .37125 (2)

or about 37 percent. Unfortunately, no information is available with which to model such a
system. However, it clearly indicates the importance of driver polling of the display prior to
a lane change (or other) maneuver. Even a perfect detection and presentation TVHS system
will be useless if the driver, for example, does not seek out such information (P Driver detects =
0).

The distinction between passive displays and overt/intrusive displays is a fundamental
distinction between information displays and warning systems. Recent work on likelihood
alarm displays (LADs) (Sorkin and Woods, 1985; Sorkin, Kantowitz, and Kantowitz, 1988)
might provide a bridge between passive and overt/intrusive displays. Conceptually, LADs
work by displaying graded information; e.g., “crash possible,” “crash probable,” “crash
imminent. " The “crash imminent” condition could be augmented by an overt/intrusive
warning to the driver. Such a concept may be of value in the driving situation provided
graded thresholds can be established that are both reasonable and timely from the driver’s
standpoint, and provided that the information is presented in a readily consumable way.

4.2 DRIVER WARNING SYSTEMS

Driver warning systems, as indicated in the time-intensity graph, arise later than
normal driving, but with enough time that driver intervention alone is feasible for crash
avoidance. The causal factor analysis indicated that SV drivers are generally unaware of
another vehicle in the adjacent lane. Conceptually, driver warnings are overt/intrusive
displays that tell the driver about the presence of another vehicle and possibly what to do
about it (steer away, brake, accelerate, as appropriate). Vehicle performance and IVHS
system lags consume some of the available time to respond. Variability in driver
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performance (reaction time to warning and execution of the avoidance maneuver) dictates the
proportion of drivers who could respond to a warning in time to avoid the crash. Thus, the
effectiveness of a driver warning depends on the time available to the driver versus the time
required for the driver-vehicle system to respond.

Conceptually, warnings might produce several reactions in an SV driver, depending
on circumstances. (For example, the driver might hold course - i.e., do nothing - while
steering or braking or even accelerating, in order to avoid a crash.) The POV driver might
be warned to take an evasive action. If both drivers were warned, the warnings would have
to be complementary (i.e., not promote a crash). For example, a hazardous SV lane change
to the right might involve complementary warnings that prompt the SV driver to veer left and
the POV driver to veer right. The warning should also not induce the driver to make a
maneuver that prompts another crash with a third vehicle. For example, by warning the
POV to suddenly steer away from the oncoming SV, the system might prompt a crash with
yet another, third vehicle. There is difficulty in issuing warnings to drivers that tell them
how to react. A directive warning’s costs must be compared to the potential benefits of
improved driver response speed and reliability of evasive maneuvers that such warnings
could provide to the startled driver. As time-to-crash runs out, an IVHS system might first
offer nondirective alerts, followed by directive warnings if time is too short. The
information and decision processes needed to direct the driver are also required for control-
intervention and FACS, which are discussed in the next subsections of this report.

A warning system implies some threshold condition for alarm. This might be lane
change start, signaled by some means, and detection of other vehicles that pose hazards. For
the proximity subtype of lane change crashes, the warning could be directed to the SV driver
with a steering evasive maneuver assumed. The IVHS system would have to detect the SV
lane change start and, if there is a POV in the adjacent lane to strike, present an alarm to
steer away. Lane change start, POV location, and vehicle travel speeds (for both SV and
POV) are all minimal required data needs for such a system.

The fast approach forward case provides an opportunity to warn the POV driver who
is fast approaching an SV. The POV driver might be warned to brake (slow down) because
the SV is suddenly beginning a lane change. This is precisely what a driver would do if the
driver were to naturally notice the lane change start. The IVHS system that deals with the
fast approach case will have to detect vehicles in front and to either side of the POV, SV,
and POV longitudinal velocities and accelerations; intervehicle longitudinal gap distance;
POV braking efficiency and vehicle lags; and the lane change start. Similar concepts could
be applied to the fast approaching rearward case as well.

4.3 CONTROL INTERVENTION SYSTEM

Control-intervention systems are appropriate beyond the point where driver warning
alone is likely to be effective. Specifically, partial control systems support crash avoidance
by allowing semiautomatic vehicle control for crash avoidance. Such systems provide some
vehicle deceleration or heading change in the face of a crash hazard, provide additional cues
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to the driver for crash avoidance, and allow the driver to play a hand in the crash avoidance
maneuver. Examples of partial control systems for crash avoidance might be soft braking or
variable resistance steering. In the former, driving conditions would prompt moderate
deceleration that the driver could increase by simply pressing on the brake pedal. In the
event of a false alarm, the driver could also disengage the soft braking by a simple touch of
the brake pedal, much like cruise control. Another example of a partial control system
would be a steering wheel system that might increase resistance to turning in order to slow
or prevent the crash-causing lane change. Such systems are intriguing and, if properly
designed, may provide the necessary driver assistance and driver acceptance needed for a
system to be viable.

4.4 FACS FOR LANE CHANGE CRASH AVOIDANCE

The last portion of the time-intensity graph indicates the need for fully automatic
vehicle control systems for crash avoidance. FACS is the means of last resort if the time
available dictates that driver time delays must be near zero. FACS concepts would involve
full automatic braking, automatic steering, and perhaps automatic throttle control. The data
needs for these concepts are the same as for driver warnings except that a time threshold,
based on vehicle subsystem delays alone, must serve as the trigger point for FACS
intervention. Such a system would allow the driver to react to a warning but beyond the
threshold would attempt to respond by automatic means. To be fully effective, such a
system would have to know the performance capabilities of the vehicle-driver-roadway
combination.

FACS concepts lead to a host of research questions. Driver acceptance and
cooperation with IVHS automation looms large as an area of needed research. The FACS
systems must be carefully designed to minimize or eliminate the potential for their causing
more harm than they prevent. Such potential might involve anything from precipitating a
rear-end collision (by abrupt automatic braking) to roadway departures (by an automatic
steering system gone awry). Analysis is needed to look at the impact of FACS on traffic
systems. This type of modeling could examine multiple vehicles, multiple lanes, failure
modes, and the impact of IVHS technology infusion in the fleet. In addition to primary
effects of crash avoidance, secondary effects (crashes caused, traffic flow impacts, etc.)
could be assessed.

Based on the previously presented information, the proximity case was modeled to
study the time (and distance) available to avoid a crash. This modeling effort is described
next.
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For all three equations,

a =
k =
A, =
t =
ao' =
vo' =
vo" =
do' . =
d0" =

instantaneous lateral acceleration
rate of change in recovery acceleration buildup in ft/s2/s
peak recovery acceleration (away from the POV)
elapsed time
lateral acceleration at the beginning of the recovery maneuver
lateral velocity at the beginning of the recovery maneuver
lateral velocity when maximum recovery acceleration is achieved
lateral distance at the beginning of the recovery maneuver
lateral distance when maximum recovery acceleration is achieved

Vehicle delay is represented in the rate of change parameter, k. The value of k must
be specified, as must peak recovery acceleration. Mean peak lateral acceleration values
during an evasive steering maneuver found in test track studies (Rice and Dell’Amico, 1974)
with average drivers ranged from 0.4 g to 0.6 g, approximately. Modem vehicles, however,
are capable of generating 0.7 g or higher lateral accelerations. Therefore, a range of A,
values (0.4 g, 0.55 g, 0.7 g) will be used to model crash avoidance requirements. These
values represent mild, moderate, and aggressive evasive steering maneuvers, respectively.

Different values of k are also used for each A, value. Data from the Rice and
Dell’Amico (1974) report indicate that an average mid-1970s passenger car could attain 0.7 g
lateral acceleration approximately 1 s after a very rapid, but human-derived, input. For lack
of better information, a response of about 80 percent of full vehicle capacity is assumed.
This results in a peak lateral acceleration of 0.55 g with a rate of response of 0.65 g/s. To
demonstrate the results of a very slow and weak response, an even slower and less forceful
response of 75 percent of the previous level of lateral acceleration or a peak of 0.4 g was
assumed with an associated rate of 0.4 g/s. Such a response would still be aggressive by
normal driving standards, but mild with regard to emergency maneuvers.

The last item needed to estimate crash avoidance requirements for the proximity lane
change crash subtype is lateral gap (LATGAP) between the SV and POV at the start of the
lane change. Worrall and Bullen’s (1970) lane position data at start of lane changing were
cross-tabulated with the distribution of ending lane change positions again to generate a
distribution of LATGAP values. The ending lane change position, then, is taken as an
approximation of normal lanekeeping (suitable for a POV). For modeling, the range of
lateral gaps is 3 ft to 9 ft; the vehicle width is assumed to be 6 ft. Table 5-l summarizes the
crash model parameters.
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Table 5-l
Summary  of Modeling  Parameters

Parameter Value

Vehicle Width I 6ft

Lane Width 12 ft

Lateral  Gap (LATGAP) 3 - 9 ft

Intended Lane Change Distance 9 - 15 ft
(ILCD)

Lane Change Time (t,) 2 - 1 6 s

Peak Acceleration (A) I 0.22 - 23.56 ft/s2

Maximum Recovery Acceleration
(Ar)

0.4 g 0.55 g 0.7 g

Rate of Recovery Deceleration (k) 0.4 g/s 0.65 g/s 0.7 g/s

5.3 PROXIMITY CASE CRASH AVOIDANCE MODELING  RESULTS

The above modeling representation allows for estimation of the time and distance
available for crash avoidance via SV steering evasive maneuvers. IVHS crash avoidance
system initiation of the steering maneuver must occur within a time budget (and
distance/range) for successful crash avoidance. Proximity case lane change crashes by their
nature imply a maximum warning range equal to the lateral gap between the SV and the
POV. For example, if a vehicle is 10 ft away from the detector, the range of the detector
must be at least 10 ft. Thus, the key variable to be evaluated in this subtype is the maximum
available time (i.e., maximum allowable time delay) from maneuver start to achieve crash
avoidance. This derived variable is maximum available time, tavailable,  and represents available
time, from lane change start, to accommodate IVHS system delay and driver reaction time.

The value of tavailablee is determined under the two conditions: (1) lateral velocity,
v, = 0 and (2) total lateral distance traveled, d, < LATGAP. The crash avoidance
requirements are graphically presented as three-dimensional plots (x-axis = tLC,
y-axis = ILCD, z-axis = t a v a i l a b l e ).

The results are presented in Figure 5-3. For each condition evaluated, a plot
indicates the maximum available time (tavailable) in seconds to enable the SV to avoid a crash
with the POV by means of an evasive steering maneuver. Each of the three pages of the
figure are for different values of maximum recovery acceleration (Ar) = 0.4 g, 0.55 g, and
0.7 g, respectively. On a single page, each plot is for a different inter-vehicle lateral gap
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(LATGAP) = 3 ft, 4 ft, 5 ft, 6 ft, 7 ft, 8 ft, and 9 ft, in order. Each graph shows tavailable for
every combination of intended lane change distance (ILCD) between 9 ft and 15 ft, in 1 ft
intervals, and lane change time (tLC), ranging between 2 s and 16 s in 1 s intervals. Values
of tavailable that were less than zero indicated the case when a crash could not be avoided under
any circumstances. An example calculation appears in Appendix B.

The following trends were evident in the output data from the model:

(1) For a given intended lane change distance, maximum response time available
to avoid a crash increased as lane change time increased. Longer amounts of
time used to make the lane change maneuver meant lower lateral velocities,
and thus, lower amounts of acceleration to overcome during recovery.
Therefore, longer times were available to build up the required levels of
deceleration to avoid a crash.

(2) For a given lane change time, maximum response time available to avoid a
crash decreased as intended lane change distance increased. When the vehicle
traversed longer distances in a fixed amount of time, the lateral velocities and
accelerations increased more quickly. Shorter times were available, therefore,
to develop the level of lateral recovery acceleration that would be necessary to
avoid a collision with the POV.

(3)

(4)

As intervehicle lateral gap increased, so did maximum response time available
to avoid a crash. Although not every crash could be avoided at most
intervehicle lateral gaps for all recovery accelerations, more distance was
available to be traversed at the larger lateral gaps, and thus more time was
available to initiate a recovery response. At larger gaps, the relationship
between ILCD and tavailablek became more quadratic, indicating the influence of
the higher order terms of the equations - the contributions of velocity and
acceleration - to the maximum response time. For these larger gaps, as
ILCD increased, tavailablek decreased as the square of ILCD.

Even though the relationship is not obvious in the figure, the computed values
show that, as maximum recovery acceleration increased, maximum response
time available to avoid a crash increased. This relationship, however, is not
strong, with differences in tavailablek on the order of tenths of a second. With
lower recovery accelerations, the peak lateral accelerations were reached
sooner than with higher recovery accelerations, but their contribution to
slowing down the lateral velocity to zero were less. The maximum response
time available to avoid colliding with the POV, therefore, was less in vehicles
with lower recovery accelerations than those with higher values.

Recall that the available time, tavailable,, must accommodate IVHS system delays plus
driver steering reaction times, i.e.,
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fast or faster than the maximum available time, provided the steering reaction time
distribution is appropriate to surprised/alarmed drivers. More data are needed on surprisal
steering reaction times and their distributional properties.

If the tIVHS Sytemm delay were to be reduced by half, this would increase the time
available for driver time delays to 1.3 s. This corresponds to a Z-value of 1.75 that in turn
corresponds to a cumulative proportion of .960 or about 96 percent of the driver population.
This decrease in IVHS system warning time allowed an additional 8 percent of (slower)
drivers to respond to the warning in time to avoid the collision.

As Figure 5-3 illustrates, less time is available as lateral gaps and lane change times
shorten. Furthermore, for fixed tLC, shorter ILCDs imply less available time. As the above
examples illustrate, if the available time budget for the driver to react is less than about
1.3 s, then less than 96 percent of the driver population is estimated to be able to respond in
time. It would be very helpful to know the frequency of occurrence of lane changes that do
not allow that much available time. While frequency of occurrence data might be established
for ILCD from the histograms provided by Worrall and Bullen (1970), no frequency of
occurrence data have yet been uncovered for the distribution of lane change times. Data on
these variables (preferably in combination) are sorely needed to bound the requirements for
lane change crash avoidance. If most lane changes occur in the 2 s to 4 s range, driver
intervention may often not be feasible, In that case, control-intervention systems or FACS
for evasive maneuvers may be required. For very fast lane changes, even FACS may be
time-limited. This would suggest the need to provide warning to the SV driver-vehicle
system prior to lane change start. Warning triggers might then depend on overt signs of SV
driver intent - such as turn signal use - or more covert signs - such as to-be-developed
predictors of lane change based on driver or vehicle behaviors.

The modeling results of maximum available times are referenced to “lane change
start."” In reality, detecting the start of a lane change is challenging. This is because of
normal variation in lane position that drivers exhibit while lanekeeping. Furthermore, the
early portion of lane change maneuver builds lateral acceleration rapidly while changing
lateral position relatively little. This makes it hard to discern the start of the maneuver.
Thus, an IVHS system must discriminate - with high sensitivity - between lane change
start and variations in lanekeeping. In whatever way this design challenge is met, the
resulting system is likely to require time to collect and process the needed data for the
algorithm. This suggests that the IVHS system delay may be substantial.

What are some implications of this IVHS system delay? Consider first the impact on
driver warning and intervention. If one wishes to support 95 percent of the drivers on the
road, then approximately 1.3 s should be allowed for driver delay. Assume that the IVHS
system delay is 0.5 s. Therefore, any lane change crash hazard that allows less than 1.8 s of
delay will be less than 95 percent effective. To illustrate with a crash scenario, a 0.55 g
recovery acceleration and initial lateral gap of 6 ft implies that a lane change of 12 ft
laterally in 4 s could not result in crash avoidance by warning alone for 95 percent of the
drivers in the population. Shorter IVHS delays would improve the situation. Better
detection of the lane change start, as well as faster interpretation of the characteristics of the
lane change maneuver might shorten the delays.

35



To evaluate the implications of FACS for crash avoidance, assume that the driver is
not a part of the system at all. There will still likely be an appreciable delay for determining
lane change start. For example, FACS could theoretically provide crash avoidance against
lane changes as aggressive as 12 ft lateral motion in 3.0 s if the IVHS system delay is 0.5 s,
the maximum recovery acceleration is 0.55 g, and the initial lateral gap is still 6 ft. On the
other hand, a 3 ft lateral gap will barely allow sufficient time for even FACS to detect a lane
change start and to provide crash avoidance.

A better alternative for designing lane change crash avoidance systems would be one
that was keyed off of a signal of the driver’s intent. Turn signals provide this but drivers do
not always use them properly. It may be possible to discover other indicators of the driver’s
intent to change lanes, if not the start of a lane change. However, if such indicators can be
found (e.g., idiosyncratic combinations of lane position, steering wheel movements, or eye
movements), they may take appreciable time to collect and collate into a warning or signal
for FACS intervention. If such indicators are exhibited well in advance of the lane change,
then there should be sufficient time for alerting the driver before the maneuver begins. This
points to the need for research into driver behaviors that indicate lane change as well as
research into signal use and the time interval between signal activation and lane change start.
This type of research is a key element to lane change crash avoidance by means of overt
warning or FACS if false alarms are to be kept to a minimum.
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6. RESEARCH  NEEDS

The following research needs are suggested by the analysis reported here.
Often a research need is suggested by a gap in current understanding or data.
Emphasis is placed on data needs required to support further modeling of the crash
circumstances. This modeling effort is emphasized because it is important to IVHS crash
avoidance systems design. Thorough analytical assessment of the crash problem, along with
IVHS crash avoidance system concepts, will minimize risk to the developer and ultimately
speed up the development process of IVHS as a whole. Furthermore, an analytical
representation of the crash problem will be a key to successful algorithm development for
both driver warning and FACS implementations.

6.1 PROBLEM  SIZE AREA

l For the lane change crash problem, additional precision in crash description
for each of the following lane change maneuvers would be beneficial: simple
lane change, merge, exit, and weave. The present problem size assessment
could not clearly distinguish from among all these different maneuver types.

4.2 CLINICAL  ANALYSIS  AREA

. Only a small number of cases were available for the crash subtype
identification and causal factor assessment. Analyzing a larger set of cases
and adding to the sample reported herein would be beneficial. The findings
could be merged to provide better information on the distribution of various
lane change crash subtypes and causal factors, or possibly to uncover
additional causal factors or crash subtypes.

. The reported causal analysis could not readily show causal factors within lane
change crash subtypes. This cross-tabulation should be pursued in further
analyses so that different causal factors differentially associated with different
subtypes may be more readily understood. Other possible data sources could
include NASS, GES data for other years, the North Carolina data base,
insurance data bases, or other similar data bases.

. Given that clinical analysis is a subjective process, a measure of concordance
or agreement between two or more analysts working on the same data set
would be beneficial. Such a check would provide useful data on the extent to
which the causal analysis results can be replicated.

37



. However tentative, kinematic data reported on crash cases within the subtype-
by-causal factor cross-classification would be very helpful. Travel velocities,
velocity differences, and similar data would allow for a more focused crash
avoidance requirements kinematic model.

6.3 LANE CHANGE DRIVER BEHAVIOR AREA

l Distributional data on initial position and terminal position of SVs before and
after lane change, respectively, and the distributions of associated lane change
distances during the maneuver would be useful to verify Worrall and Bullen’s
data or indicate important changes in driver lane change behavior.

l Data are needed on normal lane change times and the distribution of lane
change times. Variations in lane change times as a function of travel speed,
traffic density, lane change maneuver type (simple lane change, merge, pass,
exit, weave), and other driving conditions would be extremely valuable in
further characterizing lane change crashes.

. Data are needed on the maximum lateral acceleration normal drivers will use
in an evasive steering maneuver. The sources used in this report are over 20
years old and should be updated. More recent data are available from test
track studies to generate vehicle performance data. In such tests, however,
expert drivers push the vehicle to the limits of its performance envelope.
Normal drivers, by contrast, typically do not use the full capability of the
vehicle. Therefore, studies of normal volunteer drivers would be very helpful.
Variations in scenarios (e.g., by vehicle, driver characteristics, training) might
be helpful in better understanding what a driver might reasonably be expected
to do in a lane change crash avoidance steering maneuver. Further extensions
of these data to include the benefits of 4-wheel steering would also be useful.

. Distributional data on the longitudinal acceleration profiles of vehicles engaged
in lane changes would be helpful. The crash avoidance modeling reported
here assumed an SV that was traveling with constant velocity longitudinally.
It would be helpful to know if vehicles changing lanes (such as when passing)
often accelerate so that such a motion profile could be incorporated into future
modeling.

. Given that vehicles have changed over the years, empirical data on the rate of
lateral acceleration buildup during a maneuver typical for modem automobiles
with normal drivers would be helpful. Such studies would also allow for a
verification and refinement of the steering recovery maneuver model assumed
for the proximity subtype of lane change crash avoidance.
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l Data are needed regarding turn signal use and the time between turn signal
activation and lane change start. These data would allow further assessment of
the effectiveness of a turn-signal-activated warning display.

6.4 DRIVER WARNING AREA NEEDS

l Information on driver steering reaction times in response to warnings of
different types (auditory, visual, dual-mode, directional, nondirectional, etc.)
are needed to refine the modeling and to support warning algorithm
development. . .

l Driver steering performance data would also be valuable to support
effectiveness modeling. Data such as steering ranges (with and without hand-
over-hand maneuver), completion times to turn the wheel a given distance, and
peak steering velocities would be helpful. These data could be used to more
precisely model the feasibility of certain steering recoveries.

. Data are needed to determine indicators of lane change start. If they exist,
these indicators might be quite varied. They might include idiosyncratic eye
movements (which could be monitored), shifts in lanekeeping (such as a
preparatory steering movement away from the direction of the lane change),
steering manipulations (e.g, a steering hold), and the like. Obviously, if
drivers would learn to always use turn signals before changing lanes, the
driver’s intent would be known.

6.5 FURTHER MODELING RESEARCH NEEDS

l The models for crash avoidance reported here involved an evasive maneuver
on the part of only one driver. If both drivers were warned of the crash
hazard, both could be directed to take complementary crash avoidance
maneuvers and thus increase the likelihood of crash avoidance. An MIS
system that provided such warnings would have to maintain surveillance of the
driving conditions to insure that the warning does not, in fact, promote a crash
with yet a third vehicle. Further modeling activities should focus on the
potential of cooperative avoidance maneuvers (by warning both drivers) and
crash avoidance maneuvers not included here (e.g., acceleration to avoid
impact).

. The previous research need leads logically to the need to model the lane
change IVHS crash avoidance system concepts in traffic systems terms. That
is, modeling should be extended to multiple vehicles, multiple IVHS systems
(e.g., headway, roadway departure, and so forth), and multiple lanes. Results
would provide insights into secondary effects and perhaps their mitigation.
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l Results from only one crash avoidance subtype, the proximity subtype, were
presented. Modeling of the fast approach subtype may be considered for
future work.
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7. SUMMARY

The lane change vehicle crash type was analyzed in this report. Types of lane change
maneuvers and crashes were described, and the size of the crash problem was estimated from
national data bases. Although the lane change crash problem is small relative to other types
of crashes and does not account for a high percentage of traffic fatalities, this crash type is
responsible for one-tenth of all crash-caused delay. Thus, lane change crashes do have a
fiscal impact and may warrant the application of technology to assist in avoiding them.

Lane change crash circumstances were analyzed from a number of crash reports in the
CDS and GES data bases to classify the crashes into subtypes and to reveal the factors that
were involved in causing them. From these analyses, the proximity and fast approach lane
change subtypes emerged, yet a complete causal factor analysis was not possible due to the
low numbers of applicable reports in the data base. Some factors did, however, become
apparent, such as the driver of the SV not seeing, or otherwise being unaware of, the POV
prior to a crash. Implications for the development of IVHS crash avoidance system
functional specifications were described and were placed in a framework of time available
versus required intensity of an action to avoid a crash as time to impact decreases.

To better understand the kinematics of lane change crashes, the proximity lane change
subtype was mathematically modeled. By exercising the model under various conditions of
lane change scenario parameters, maximum allowable time delays from the initiation of a
lane change to achieve crash avoidance were derived. These maximum allowable time
delays, and associated distances or ranges, will be useful for designers of IVHS crash
avoidance technologies as they begin to develop concepts for new equipment, and will give
the IVHS community a tactical view of how lane change crashes can be avoided.

The need for further research was described in five general areas: developing better
size estimates of the lane change crash problem, increasing the robustness of the clinical
analysis, securing more accurate data on driver behavior, studying driver-warning
interactions, and increasing the representativeness of the models used.

One of the problems with modeling any system is one of representativeness. The
models in this report isolate the SV and POV from the remaining traffic in the highway
system. Reactions of the drivers in the crash model do not create hazards to other drivers,
which can be viewed as unrealistic. Useful modifications to the representation in this report
might be to develop models at a systems level. The initial models are isolated terminal
events, whereas when more vehicles are involved in the scene, more complex interactions
occur. Highways are actually systems of vehicles and a more formal systems analysis would
provide an opportunity to view the contribution of these various terminal events to traffic
flow and safety system-wide. The first-level approximations in this report do provide a
framework to begin this complete system analysis, and will provide information that should
be useful to policy makers and system designers.
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APPENDIX A

Weighting Schemes

The crashes used in the clinical analysis were weighted for severity so that they might
more closely approximate the national profile. The weighting procedure - illustrated in
Tables A-l and A-2 - included the following steps’:

. The crashes in each data set were sorted by severity [Crash Severity]. The
number of each in the sample [# in Sample] was compared to the total sample,
which gave analysts the percentage of the clinical sample represented by each
severity level [ % of Clinical Sample].

. NHTSA provided the percentage of the GES data represented by each severity
level [% of 1991 GES].

l The percentage of the national profile that each case represented [% Rep. Each
Case] was determined by dividing [ % of 1991 GES] by [# in Sample].

1 The phrases enclosed in square brackets refer to headings in the tables - for example, [Crash Severity].
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when lateral velocity is zero - is about 5.70 ft. This value is less than the lateral distance
between the two vehicles (LATGAP) of 6 ft. Therefore, a crash has been avoided. Were
the distance not less than LATGAP, then a crash would have occurred and the program
would stop and the maximum tavailablec would be at the next lower increment.
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APPENDIX c

README.TXT File

The following is a transcript of the README.TXT file that is included on the
diskette that accompanies this report.

README.TXT

Lane Change Crash Avoidance Model

LCAVOIO  (8/93)

LCAVOID calculates the maximum response time necessary to avoid a crash
during the lane change maneuver at user specified parameters, as well as the
proportion of the population that can generate such a response time. User
inputs include:

- Resolution or number  of calculation cycles per second. Typical values
range from 20 to 100 increments per second.

- Maximum recovery acceleration in g.

- Rate of change in acceleration during recovery in g/s.

- Range of intervehicle gap in ft.

- Range of intended lane change distances in ft.

- Range of lane change times in s.

Once these parameters are entered, the user has the opportunity to confirm
their correctness and re-enter any incorrect numbers.

The program writes  the output to the screen to give the user feedback
during operation, but also saves the output to text files. These files are
named according to the following  convention:

GAPx. TXT

where x is the value of intervehicle gap. Each file contains four colums of
numbers: ILCD in ft, t_LC in s, t-available in s, and p (proportion of drivers
who can generate a response time as quick or quicker than t_driverRT).

To run the program, create a directory and copy the file LCAVOID.EXE
into it. Then at the DOS prompt, type LCAVOID, press the ENTER key and
follow the directions on the screen. When the program has finished execution,
three beeps will signal and the message "Run is completed." will be displayed.

The text files on this disk that are named GAPn.m are the output files
of a modified version of LCAVOID. The naming convention is such that

n q  the intervehicle gap, and

m = an index such that

uhen m = 1, A_r = .7 g
m = 2, A-r = .55 g
m = 3, A_r = .4 g

The colums of these text files are ILCD in ft, t_LC in s, t-available
in s, t_driverRT  in s, and p (proportion of drivers who can generate a response
time as quick or quicker than t_driverRT).  See the text of the report for
definitions of these variables and for more information.
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